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ABSTRACT 


Sources of 9.87-minute lanthanum 136 and 6. 82-minute lanthanum 134 were made 
by bombarding enriched barium 136 and barium 134 with 10-MeV protons. A 20-cubic- 
centimeter lithium -dr if ted germanium detector was used to observe the gamma rays 
emitted by lanthanum 136 and lanthanum 134. The energies and relative intensities of 
these gamma rays were measured. The results suggest the existence of excited states 
of barium 136 at 818. 5, 1578.9, 2080.2, 2128.5, 2141.0, and 2315. 6 keV, and excited 
states of barium 134 at 604. 7, 1168.2, 2159.7, 2336.4, 2489.3, 2565.1. 2599.9, and 
2693. 3 keV. 



EXCITED STATES OF BARIUM 136 AND BARIUM 134 


by Glenn M. Julian* and Theodore E. Fessler 
Lewis Research Center 

SUMMARY 

Sources of 9.87-minute lanthanum 136 ( °La) and 6. 82 -minute lanthanum 134 
(* 3 ^La) were made by the (p, n) reaction on enriched barium 136 (* 3 ®Ba) and barium 134 
( Ba). A 20 -cubic -centimeter lithium -drifted germanium (Ge(Li)) detector was used 
to observe the gamma rays emitted by these sources. The energies in keV (with 
relative intensities in parentheses) of gamma rays emitted in the decay of La are 

760.4 (14.3), 818.5 (100), 1019.1 (5.6), 1261.7 (1.3), 1310.5 (4.5), 1322.5 (13.0), 

1497. 1 (2. 1), 2127. 7 (1. 7), and annihilation radiation (3090). The energies in keV 

134 

(with relative intensities in parentheses) of gamma rays emitted in the decay of La 
are 563.5 (6.7), 604.7 (100), 1168.9 (2.6), 1211.0 (2.4), 1321.1 (2.4), 1424.1 (3.9), 

1482.4 (2.3), 1555.0 (8.6), 1731.7 (4.9), 1960.4 (2.0), 1995.2 (1.4), 2088.6 (0.8), and 

annihilation radiation (2200). These results suggest the existence of excited states of 

136 Ba at 818. 5, 1578.9, 2080.2, 2128.5, 2141.0, and 2315. 6 keV and excited states 

of 134 Ba at 604. 7, 1168.2, 2159.7, 2336.4, 2489.3, 2565.1, 2599.9, and 2693. 3 keV. 

1 36 1 34 

The level schemes of Ba and Ba are compared with those of similar nuclei. 
Arguments are given to suggest that the previously unknown second excited state of 

1 36 _L 

Ba has spin and parity of 2 . 

An important parameter for the description of near -spherical, even-even nuclei, 

such as * 3 ®Ba and ^ 3 ^Ba are assumed to be, is B(E2; 2 + ' — 0 + )/B(E2; 2 + — 2 + ), the 

ratio of the reduced transition probabilities for the deexcitation modes of the second 2 + 

.1 

excited state (2 ). In this study, this ratio has been measured to be 0. 005±0.001 for 
1 Q/l 1 36 

TBa. No transition is observed from the second excited state of Ba to the ground 

state. If the second excited state is 2 + , an upper limit on the ratio B(E2; 2 + — 0+)/ 

B(E2; 2 + — 2 + ) can be set at 0.0004. 

136 134 

No evidence is found to indicate that either Ba or Ba possesses all three 
members of a possible "vibrational triplet" of states at about twice the energy of the 
first excited state. 


*Now at Miami University, Oxford, Ohio. 



INTRODUCTION 


The nature of the low-lying energy levels in near -spherical, even-even nuclei is not 
well understood. If these nuclei are assumed to undergo nearly harmonic quadrupole 
shape vibrations, the second vibrational mode with two phonons present should consist of 
a close -lying 0 + -2 + -4 + triplet at about twice the energy of the one -phonon first excited 
state. However, among near -spherical nuclei with proton number Z > 50, only 
tellurium 122 has been found to have all three of these predicted states (refs. 1 to 3 
and private compilation) . Also for many of these nuclei a crossover transition from the 
second excitation to the ground state is observed. Such a transition would be forbidden 
for purely harmonic oscillations; in fact, it is weak compared with the transition from 
the second excitation to the first excitation. The occurrence of the crossover transition 
may be due to slight anharmonicity in the vibrations. 

1 1 

The present experimental study of the beta decay of La and La was under- 
taken to clarify understanding of the low-lying excited states of the daughter nuclei, 

D BagQ and Ba^g. Both of these barium nuclei are believed to be nearly spherical 
because of their nearness to the closed shells at 50 protons and 82 neutrons. If the 0 + 
and 2 + triplet members exist, their population in the decay of 1 + *^La and 1 + *^La 
would be allowed by beta -decay selection rules. Only the ^820-keV first excited state of 
°Ba had previously been reported (ref. 4) to be populated in the decay of La, so a 

search was made for possible states at about twice this energy. The region of the 

134 

second excited state of Ba was also reexamined, although a recent study (ref. 5) of 

134 + 

the beta decay of La yielded no evidence for the existence of a possible 0 second ex- 
cited state of *^Ba. 


EXPERIMENTAL PROCEDURE 
Source Preparation 

1 1 ^4 

The sources of La and La were prepared by the (p, n) reaction on enriched 
04 Ba and enriched °Ba. The isotopic composition of these targets is given in 
table I. A 1 -microampere beam of 10-MeV protons from the Lewis Research Center 
Cyclotron was used in bombardment. Most of the sources were prepared from barium 
nitrate targets. In these, the contaminants, 20. 5- minute carbon 11, 10-minute 
nitrogen 13, and 71 -second oxygen 14, were formed. All three contaminants emit 
positrons; the oxygen 14 ("^O) also emits a 2. 31-MeV gamma ray. These three 
activities were the only contaminants observed. 

To study the annihilation radiation from the La isotopes, it was necessary to 
p limina te the positron- emitting contaminants. Before bombardment the target material 
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TABLE I. - ISOTOPIC COMPOSITIONS OF 


ENRICHED BARIUM TARGETS 


Atomic weight 

*^Ba target 

^®Ba target 

of barium 
isotope 

Composition, at. % 

130, 132 

< 0 . 1 

< 0. 5 

134 

84. 6 

.07 

135 

4. 1 

. 81 

136 

1. 78 

92. 9 

137 

1. 63 

1. 75 

138 

7.9 

4. 54 


was converted to anhydrous barium chloride. This was done by dissolving the barium 
nitrate in water, adding sodium carbonate solution to form a barium carbonate pre- 
cipitate, dissolving the precipitate in hydrochloric acid, and evaporating to dryness to 
form barium chloride. To drive off water of hydration, the barium chloride was heated 
before bombardment, and it was placed in the cyclotron vacuum before it could cool and 
reabsorb atmospheric water. After the bombardment, lanthanum activities were 
separated by dissolving the barium chloride in water, adding lanthanum carrier, and 
precipitating lanthanum oxalate with an equal volume of a hot solution consisting of 
10-percent oxalic acid in 1. 5 N hydrochloric acid. This procedure eliminated all 
activities other than lanthanum activities. 


Equipment 

The gamma-ray spectrometer consisted of a 20-cubic-centimeter lithium -drifted 
germanium detector, a low-noise pulse amplifier, and a 4096-channel pulse-height 
analyzer. This system had an energy resolution of approximately 6 keV for 1-MeV 
gamma rays. 


Data Analysis 

Digital computer codes were used to plot and analyze all the pulse -height spectra. 
The method of least squares (ref. 6) was used to determine intensities, energies, and 
half-lives of gamma-ray peaks, as well as the statistical uncertainties in each of these 
quantities. 
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Plots of the pulse -height spectra were examined to find gamma-ray peaks and to 
estimate their intensities and channel-number locations. Then the spectra were analyzed 
by using these estimates as input to a least-squares fitting of peaks, Compton edges, 
and a background continuum to data. From these fits, best estimates were obtained for 
the peak intensities and locations and also for the uncertainties in these two quantities. 

The functions used in the least- squares fitting were obtained by folding the expected 
electron energy spectrum into the response functions of the detector-amplifier system 
and the pulse -height analyzer. The electron energy spectrum of photopeaks was 
assumed to be a delta function at the full gamma-ray energy. The spectrum of Compton 
edges was obtained from the Klein-Nishina formula for the number -energy distribution 
(ref. 7) by expanding that equation about the edge energy and dropping all but the first 
two terms in the expansion. The response function of the detector-amplifier system 
was assumed to be Gaussian, and the pulse-height analyzer was assumed to have per- 
fectly sharp channel edges. 

The energies of gamma rays were determined from the peak locations and a calibra- 
tion equation. Constants in the calibration equation were determined for each pulse - 
height spectrum by a least-squares fit of peak locations to known peak energies. In some 
cases the known energies were of gamma rays from calibrating sources counted simul- 
taneously with the lanthanum activity. Table n lists the isotopes and gamma-ray 
energies that were used as calibration standards (refs. 8 and 9, and an unpublished 
1966 compilation by J. B. Marion, University of Maryland, College Park, Maryland) 0 
In other cases the known energies were of annihilation radiation and of strong gamma 


TABLE H. - STANDARDS USED IN ENERGY CALIBRATION 


Standard 

Gamma-ray energy, 


keV 

Annihilation radiation 3 

511. 006±0. 002 

^Cesium 137 

661. 595±0. 076 

c Cobalt 56 

846. 85±0. 1 
1037. 88±0. 1 
1238. 14±0. 1 
1360. 34±0. 1 
1771. 62 ±0. 1 


2598. 7±0. 2 

c Yttrium 88 

898. 2±0. 18 


1836. 2±0. 2 


a From unpublished compilation by J. B. Marion, Univ. 

of Maryland, 1966. 
b From ref. 8. 

C From ref. 9. 
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rays from the lanthanum isotopes, for which energies had already been determined by 
simultaneously counting with the standard sources. 

A third-order power series in channel location was used for the energy calibration 
equation. Experience has shown that this gives a satisfactory fit for spectra of sources 
whose energies have been very accurately determined by others. Uncertainties in the 
barium gamma-ray energies arise from uncertainties in the standard energies 
(table II) and from statistical uncertainties in the locations of both the standard and the 
unknown photopeaks. Each of these sources of error has been estimated, and their 
combined effects are included in the tabulated results. 

Relative gamma-ray intensities were obtained from the pulse -height spectrum peak 
intensities by correcting for the photopeak efficiency of the Ge(Li) detector. Figure 1 
shows the energy dependence of the relative photopeak efficiency of the detector used in 
this investigation. The data points in figure 1 were obtained by comparing the measured 
relative peak intensities from a particular isotope to the relative gamma-ray intensities 
reported in the literature for that isotope. Several isotopes were used (refs. 3 and 
9 to 11); the data for each isotope were normalized to obtain a smooth curve over the 
entire energy range. It is estimated that, from this curve, the relative photopeak- 
detection efficiency may be determined to ±10 percent for a given photopeak energy. 

The error quoted on the relative gamma-ray intensities is the result of both the statisti- 


Energy, keV - top curve 


1800 



1800 


2000 


2200 


2400 2600 2800 

Energy, keV - bottom curve 


3000 


3200 


3400 


3600 


Figure 1. - Empirical relative-photopeak-detection-efficiency curve for the 20-cubic-centimeter Ge(Li) 
detector. Actual relative gamma-ray intensities were obtained from references 3 and 9 to 11. 
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cal uncertainty of the peak intensity and the use of the relative -photopeak-detection- 
efficiency curve. 

Experiment showed that for the range of energies investigated (approx. 100 to 
3500 keV), the relative photopeak efficiency of the detector was essentially independent of 
solid angle for source -to -detector distances of 10 centimeters or more. As a con- 
sequence, it was possible to count a source for several half-lives by moving it closer 
and closer to the detector as its intensity decreased, as long as it was no closer than 
10 centimeters from the detector. 

Half-lives of the La isotopes were measured using chemically purified sources. 

First, the sample material was placed in a thick plastic absorber so all the positrons 
emitted would annihilate close to their source. Then, with the source position fixed, 
spectra were recorded for several successive intervals of equal duration (4 minutes 
for ^La and 8 minutes for °La). The half-lives of the La isotopes were determined 
by least-squares analysis of the time dependence of the gamma-ray peak intensities. 

In this analysis the time duration of recording each spectrum was taken to be that 
measured by the "live time" clock of the pulse-height analyzer. The mean time of 
each interval, determined from a "real time" clock, was used to represent the time at 
which the corresponding spectrum was taken. Uncertainties reported for the half- 
lives are those caused by statistical uncertainties in the peak intensities and in the 
spectrometer live time. 


RESULTS AND LEVEL SCHEME FOR BARIUM 136 


Figure 2 shows a gamma-ray spectrum of 1 °La obtained by adding spectra of 
seven sources made in successive bombardments of barium nitrate /^®Ba(NOg )2 


For each the bombardment lasted 10 minutes and counting began approximately 4 minutes 

later. The 2312. 5-keV peak and the associated double-escape peak from the contami- 
14 

nating O are indicated in parentheses. Relative intensities of all gamma rays except 
annihilation radiation were determined from this spectrum. The relative intensity of 
the La annihilation radiation was determined in a separate experiment in which the 

I On 

target material was anhydrous barium chloride ( ° BaCl 9 ) so that the positron- 

emitting contaminants were not produced. The relative intensities of the 1 °La gamma 
rays are given with the gamma-ray energies in table m. 

An interesting feature of the spectrum of figure 2 is the intensity of the continuum 
at approximately 1000 keV; it is significantly greater than the intensity of the continuum 
above the 1019. 1-keV photopeak. Since the observed photopeaks cannot give rise to 
Compton edges in this region, the most probable explanation is that there are at least 
two unresolved weak gamma rays with energies near 1000 keV. Figure 3 shows the 


k 
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Counts per channel Counts per channel 


TABLE HI. - ENERGIES AND RELATIVE 



Figure?. - Gamma-ray spectrum of 136 La. Peaks due to the contaminating 
^0 are indicated in parentheses. The energy scale graduation has been 
omitted and the spectrum folded twice to reduce length. Individual data 
points are replaced by a smooth line in part of the spectrum. 


lxlO 3 



Figure 3. - Detail of spectrum of figure 2, showing least-squares fit of 
three peaks to data near 1000 keV. 


INTENSITIES OF GAMMA RAYS 


FROM 136 Ba 


Energy, 

keV 

Relative intensity 

All. 006±0. 002 

3090. 0±4 30.0 

760. 4±0. 2 

14. 3±2. 1 

818. 5±0.2 

100.0 

b,C 997. 3±0. 6 

2. 0±0. 4 

b,C 1010. 5±0. 5 

2. 9±0. 5 

C 1019. 1±0. 3 

5. 6±0. 9 

1261. 7±0. 8 

1. 3±0. 3 

1310. 5±0. 5 

4. 5±0. 8 

1322. 5±0. 4 

13. 0±1 . 9 

1497. 1±0. 7 

2. 1±0. 4 

2127. 7±0. 7 

1. 7±0. 3 


Annihilation radiation. Energy value 
adopted from unpublished compila- 
tion by J.B. Marion, Univ. of 
Maryland. 

b Existence of this gamma ray is 
uncertain. 

Not placed in level scheme of fig. 4. 


TABLE IV. - MEASURED HALF-LIVES OF 
GAMMA RAYS FROM 136 La AND 134 La 


Parent 

Gamma-ray energy, 

Half-life, 

nucleus 

keV 

min 

136 La 

511.0 

9. 874±0. 023 


760. 4 

8. 97±0. 075 


760. 4 

8. 8±1. 4 


818. 5 

9. 73±0. 18 


818. 5 

10. 35±0. 33 


Weighted average 

9. 87±0. 02 

134 La 

511.0 

6. 72±0. 09 


604. 7 

7. 28±0. 30 


604. 7 

6. 99±0. 18 


Weighted average 

6. 82 ±0.08 
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least-squares fit obtained when the computer is instructed to fit three peaks of energy 
near 1000 keV to the data shown in figure 2. The resulting peak energies and relative 

intensities are included in table in. 

1 

The decay of La was followed primarily to verify the purity of the source. The 

gamma rays of 511. 0-, 760. 4-, and 818. 5-keV energy were sufficiently intense that 

least-squares analysis of the time dependence of their intensities could be performed. 

Measured values for the half-lives of these peaks are given in table IV. The weighted 

average of these values, 9. 87±0. 02 minutes, is adopted as the half-life of °La. 

1 

The short half-life of La and the weakness of the high-energy gamma rays make 

1 

Nal(Tl)-Ge(Li) gamma-gamma coincidence experiments on La impractical with 

present gamma-gamma coincidence efficiencies. Nevertheless, much can be deduced 

about excited states of °Ba populated in the decay of La. The energy sum rule and 

1 SR 

the value (ref. 4) of 2. 87±0. 07 MeV for the energy available in the decay of °La to 
1 SR 

°°Ba are used. Conjectures about the lowest-lying states may be based on the system- 

136 

atics of nearby even-even nuclei. Excited states of Ba are deduced to exist at 

818. 5±0. 2, 1578. 9±0. 3, 2080. 2±0. 8, 2128. 5±0. 4, 2141. 0±0. 5, and 2315. 6±0. 7 keV. 

These states, together with the transitions between them, are shown in the level 

scheme in figure 4. Except for the three gamma rays of energy near 1000 keV, all 

1 

gamma rays observed in the decay of La have been fitted into this scheme. The log 
ft values and relative intensities of the transitions from 136 La were calculated from the 


136 

57 


La 


79 



Figure 4. - Proposed level scheme of 136 Ba. Energies are given in keV. Intensities of gamma rays and of beta-decay branches are given in percentage of 
13 ®La decays. 
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intensities of the gamma rays (table HI) and the maximum beta-ray energy (ref. 4). 

For each of the levels populated by positron emission, the intensity ratio of K -electron 
capture to positron emission was assumed to be the value obtained theoretically for 
allowed beta decay (ref. 12). Capture of electrons from higher shells was assumed to be 
10 percent of that from the K shell (ref. 13). 

Existence of the levels at 818. 5, 1578. 9, and 2080. 2 keV is consistent with results 
obtained by G. C. Morrison of the Argonne National Laboratory (private communication) 

i nr 

in studying the (d, p) reaction on 1 °Ba. However, the present experiment has revealed 

1 Qf? 1 QC 

no evidence that the decay of 1 °La populates a level of 1 °Ba at about 1550 keV, which 

135 

Morrison found to be strongly excited in the (d,p) reaction on Ba and possibly weakly 

1 Of* 

excited in the (d,d') reaction on °Ba. If the 1550-keV level were populated in the 

decay of °La, a 730-keV transition might be expected between this level and the first 
1 36 

excited state of Ba; from the statistics in the spectrum of figure 2, an upper limit 

on the intensity of 730-keV gamma rays can be set at 0. 025 percent of °La decays. 

Furthermore, no evidence was found to indicate that the decay of °La populates a 
1 36 

1.4-MeV level of Ba, whose possible existence was deduced (ref. 3) from neutron 

1 36 

capture data. For comparison, figure 4 shows the levels of °Ba populated in the 
decay of 5 + cesium 136 (^^Cs) (refs. 14 and 15). 


RESULTS AND LEVEL SCHEME FOR BARIUM 134 

134 

Figure 5 shows a gamma-ray spectrum of La obtained by adding spectra of 

134 / \ 

seven sources made in successive bombardment of Ba^NO^^. For each the bom- 
bardment lasted 5 minutes and counting began approximately 4 minutes later. Peaks 

14 

due to the contaminating O are indicated in parentheses. Gamma rays from the 
1 36 

1. 78-percent Ba content of the target were too weak to be seen. Relative intensities 

of all gamma rays except annihilation radiation were determined from this spectrum. 

134 

The relative intensity of the La annihilation radiation was determined in a separate 

134 

experiment in which the target material was anhydrous BaClg so that the positron- 

emitting contaminants were not produced. The relative intensities and energies of the 
134 

gamma rays from La are given in table V. All the gamma rays observed in a 

134 

previous study (ref. 5) of the decay of La were observed. However, several un- 
certain peaks in the earlier spectra can be identified as photopeaks in the spectrum of 
figure 5. They stand out more clearly above the continuum because of the larger 
photopeak -detection efficiency of the detector used in the present investigation. No 
evidence was found for the existence of weak gamma rays of 548- and 572-keV energy 

__ __ 1QA 

that Gono, et al. , (ref. 16) reported in the decay of La. 

134 

The decay of the La source was followed, but only the annihilation radiation and 
the 604. 7-keV gamma ray were sufficiently intense that values for their half-lives could 
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TABLE V- - ENERGIES AND RELATIVE 


511.0 



Figure 5. - Gamma-ray spectrum of 134 l_a. Peaks due to contaminating 

14 0 are indicated in parentheses. The energy scale graduation has been 
omitted and the spectrum folded twice to reduce length. Individual data 
points are replaced by a smooth line in part of the spectrum. 


INTENSITIES OF GAMMA RAYS 
FROM 134 La 


Energy, 

keV 

Relative intensity 

All. 006±0. 002 

2200±310 

563. 5±0. 3 

6. 7±1. 0 

604. 7±0. 1 

100.0 

1168. 9±0. 6 

2. 6±0. 5 

b 1211. 0±0. 7 

2. 4±0. 5 

C 132 1. 1±0. 7 

2. 4±0. 6 

b 1424. 1±0. 5 

3. 9±0. 7 

b ’ c 1482. 4±0. 7 

2. 3±0. 5 

1555. 0±0. 3 

8. 6±1. 3 

1731. 7±0. 3 

4. 9±0. 8 

1960. 4±0. 6 

2. 0±0. 4 

1995. 2±0. 8 

1. 4±0. 3 

2088. 6±1. 5 

0. 8±0. 3 

b ’ d 2571. 3±1. 6 

0. 4±0. 1 


Annihilation radiation. Energy value 

adopted from unpublished compilation 

byJ.B. Marion, Univ. of Maryland. 

b Not fitted into level scheme of fig. 11. 

L Not reported in an earlier study (ref. 5) 
1 14 

of the decay of La, but faintly 
visible in a spectrum published in that 
paper. 

d Not positively identified as emitted by 


be obtained. These values are given in table IV. The weighted average of these 

134 134 

values, 6.82±0.08 minutes, is adopted as the half-life of La. The La source 

134 

used for the determination of the half-life of the La annihilation radiation was pre- 

134 

pared by bombarding anhydrous BaCl 9 . In this source there was a small amount of 

1 3fi " 134 

La contaminant formed because the enriched Ba contained a small percentage of 

1 3G 1 3 G 

°Ba, so correction had to be made for annihilation radiation due to La. No other 

134 

contaminants were observed. The ratio of the intensity of the La annihilation radia- 
tion to the intensity of the 604. 7-keV gamma ray was also determined from this ex- 
periment. 

In an earlier experiment (ref. 5) two 7.6- by 7. 6 -centimeter Nal(Tl) scintillators 

134 

were used to study coincidences between gamma rays emitted in the decay of La 

1 04 

produced by 72 -hour cerium 134 ( Ce). The actual spectra obtained were not pub- 
lished, but because they are relevant to the present experiment, they are reproduced 
herein as figures 6 to 10. A summary of the gamma-ray coincidence results is given 
in table VI. 
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500 1000 1500 2000 


Energy, keV 

gure 6. - Scintillation singles spectrum of gamma rays from 134 La (curve A) and spectrum of gamma rays in coinci 
dence with window at 605 keV (curve B). 



1730 



Energy, keV 

Figure 7. - Scintillation singles spectrum of gamma rays from ^ 4 La (curve A) and spectrum of gamma rays in coin 
cidence with window at 1170 keV (curve B). 



Counts per channel 



0 500 1000 1500 2000 


Energy. keV 

Figure 8. - Scintillation spectrum of gamma rays in coincidence with window at 1425 keV (curve A), spectrum of 
gamma rays in coincidence with window at approximately BOO keV (curve B), and spectrum of gamma rays in coin- 
cidence with window at 1170 keV (curve Cl. For clarity in presentation, data in curve A have been multiplied by lO 4 , 
and data in curve B by 10. 
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i 



Counts per channel 



Energy, keV 


Figure 9. - Scintillation spectrum of ^\a gamma rays in coincidence with window at 1730 keV 
(curve Aland spectrum of gamma rays in coincidence with window at 1555 keV (curve B). 

For clarity in presentation, data in curve A have been multiplied by 1(£ 
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500 1000 1500 

Energy, keV 


Figure 10. - Scintillation spectrum of ^La gamma rays in coincidence with window at 
2100 keV (curve A) and spectrum of gamma rays in coincidence with window at 1980 k( 
(curve B). For clarity in presentation, data in curve A have been multiplied by Hr. 




TABLE VI. - SUMMARY OF COINCIDENCE EXPERIMENTS ON 


GAMMA RAYS FROM 134 La 


Gamma ray seen, 



Gate 

gamma ray, keV 


keV 

605 

1170 

-1300 

1425 

1555 

1730 

1980 

2100 

a 5 1 1 

Y b 

W 

W 

W 

W 

W 

N 

N 

560 

Y 

? 

w 

W 

N 

N 

N 

N 

605 

W 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

1170 

W 

Y 

w 

W 

N 

N 

N 

N 

1300 

N 

W 

N 

N 

N 

N 

N 

N 

1425 

W 

N 

N 

N 

N 

N 

N 

N 

1555 

Y 

N 

N 

N 

N 

N 

N 

N 

1730 

Y 

N 

N 

N 

N 

N 

N 

N 

1980 (complex) 

Y c 

N 

N 

N 

N 

N 

N 

N 

2075 

Y 

N 

N 

N 

N 

N 

N 

N 


a Since the annihilation radiation is so strong, it is not surprising 
that some random counts persist in coincidence with gamma 
rays from levels fed only by electron capture. 
b Y = yes, N = no, W = weak compared to intensity in singles. 

C No shift in peak shape noted in coincidence. 


Two noteworthy features of the spectrum in coincidence with the 605 -keV gamma ray 

(fig. 6, curve B) are the apparent shift of the 1180-keV peak to about 1200 keV and the 

reduction in intensity of the 1425-keV gamma ray. These may mean that the 1211. 0-keV 

134 

gamma ray deexcites a level of Ba at 1815. 7 keV, and that the 1424. 1-keV transi- 

134 

tion populates a level of Ba higher than 604. 7 keV. 

From the coincidence results and from the results of the present study, the levels 
134 134 

of Ba populated in the decay of La can be deduced. These levels are at 604. 7± 

0.1, 1168. 2±0. 3, 2159. 7±0. 3, 2336. 4±0. 3, 2489. 3±0. 8, 2565. 1±0. 6, 2599. 9±0. 8, and 

2693. 3±1. 5 keV- The log ft values and relative intensities of the transitions from 
134 

La were calculated by using the intensities of the gamma rays (table V), the maxi- 
mum beta-ray energy of 2. 67 MeV (ref. 5), and the same assumptions about electron- 
capture intensities as used for La. For comparison, figure 11 also shows the levels 
of l^Ba populated (refs. 17 to 19) in the decay of 4 + ^^Cs. 

This level scheme (fig. 11) is slightly different from that proposed in reference 5 in 
that the 1321. 1-keV gamma ray has been added. More accurate energy calibration has 
shown that the 1424. 1-keV gamma ray cannot fit into the level scheme where proposed 
in reference 5. The 2565. 1- and 2599. 9-keV levels are shown dotted in figure 11 because 
the coincidence spectra do not unambiguously indicate that both the 1960.4- and 1995.2- 
keV gamma rays are in coincidence with the 604. 7-keV gamma ray. The 1960. 4- and 
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134 

57 


La 


77 


I + 6. 82 m i n 



Figure 11. - Proposed level scheme of ^ 4 Ba. Energies are given in keV. Intensities of gamma rays and of beta-decay branches are given in percentage of 
decays. 


1995. 2-keV gamma rays are not resolved in the coincidence spectrum (fig. 6, curve B); it 

may be that only one of these gamma rays is actually coincident with the 604. 7-keV 

gamma ray. Note that the energy of the 2088. 6±1. 5-keV gamma ray agrees within 

experimental error with the sum of the energies of the 1482. 4±0. 7- and 604. 7±0. 1-keV 

134 

gamma rays. It is tempting to postulate a level of Ba at 2088 keV. Then it would be 
necessary to find another explanation for the result (figs. 6, curve B, and 10, curve A) 
that the 604. 7-keV gamma ray is coincident with a gamma ray of about 2100 keV. One 
possibility is that there exists another gamma ray of about 2100 keV, in addition to the 
2088. 6-keV gamma ray observed in this study. 

It is interesting to know the ratio of the intensities of the 1168- and 563-keV gamma 

, , t 

rays which deexcite the second 2 excited state (denoted as 2 ). This state is populated 
in the decay of both 4 + ^^Cs and 1 + ^^La. Reference 5 reported that the gamma-ray 
intensity ratio 1(1168 keV)/I(563 keV) found in the decay of *^La was 0. 48±0. 16, 
whereas the value of 1(1168 keV)/l(563 keY) obtained (ref. 17) in the decay of ^^Cs 
was 0. 23±0. 03. In the present experiment these ratios were remeasured for both 
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TABLE VH. - ENERGIES AND 


RELATIVE INTENSITIES OF 


GAMMA RAYS FROM 134 Cs 


Energy, 

keV a 

Relative intensity 

475. 355 

1. 2±0. 2 

563. 325 

9. 4±1. 3 

569. 371 

16. 2±2. 3 

604. 744 

100 

795. 806 

88±12 

801. 86 

9. 8±1 . 4 

1038. 61 

1. 2±0. 2 

1167. 99 

1. 9±0. 3 

1365.08 

3. 5±0. 5 


a Energies are used only to 
identify gamma rays. 
Energy values are taken 
from ref. 18. 


134 134 134 

Cs and La, and different values were again obtained. A source of Cs was 

134 > 

counted with the same spectrometer and under the same conditions in which La was 

studied. Table VIE lists the measured relative intensities of the gamma rays from 
134 

Cs. Their agreement with published results (refs. 17 to 19) indicates that there are 

not systematic errors in the present experiment. 

When gamma-ray intensities from table VII are used, the ratio 1(1168 keV)/ 

134 

1(563 keV) is 0.20±0.04. However, for gamma rays emitted by La, the ratio 

1(1168 keV)/l(563 keV) is 0. 39±0. 09. The branching ratio for the deexcitation modes of 

a state should be independent of how the level is populated. Hence, it is concluded that 

134 

the peak observed at 1168 keV in the spectrum of La represents two transitions with 
very nearly the same energy. The existence of a second 1168-keV gamma ray is con- 
sistent with the coincidence results (figs. 7 and 8), and this gamma ray fits nicely 

between the levels at 2336. 4 and 1168. 2 keV. Since the gamma-ray intensity ratio 

134 

measured in the decay of La includes both 1168-keV transitions, the following 

branching ratio measured in the decay of *^Cs is adopted: I(2 + — 0 + )/l(2 + ' — 2 + ) = 

0.20 ±0.04. Then it may be concluded that 0. 51±0. 16 of the intensity of the 1168-keV 

134 

peak observed in the decay of La is due to the transition from the 1168. 2-keV level 
134 

of Ba to the ground state. 
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II 


DISCUSSION 

The present study has located new low-lying states of °Ba and has confirmed or 

134 

clarified earlier results on the low-lying states of Ba. 

In agreement with the recently announced result (ref. 5), the gamma-ray spectra 

recorded in this study reveal no evidence of a hypothesized 0 + vibrational triplet member 
1 34 

in Ba. In this study the gamma-ray branching ratio for the deexcitation of the 
2 + excited state of * 34 Ba at 1168 keV has been determined to be l(2 + — 0 + )/ 

T , 

1(2+ — 2 ) = 0. 20±0. 04. On the basis of the conversion electron studies of reference 17, 

the 563- and 1168-keV transitions are assumed to be pure electric quadrupole radiations 

(E2). Since internal conversion of these transitions may be neglected (ref. 20), the 

ratio of the reduced transition probabilities for the two modes of deexcitation of the 

134 

second excited state of Ba is 


B(E2; 2 + ' - 0 + ) 


1(1168. 2 keV) 

B(E2; 2 + ' - 2 + ) 


1(563. 5 keV) 


/ 563. 5 \ 5 

y 1 168. 2 J 


0. 005±0. 001 


The analogous ratios, computed from the data of references 21 and 22, are 0. 020 for 
xenon 134 ( 134 Xe) and 0. 0015 for xenon 132 ( 132 Xe). 

A particularly interesting result of this study is the discovery of one, but only one, 

1 3fi 

excited state of Ba at about twice the energy of the first excited state. The value of 
the log ft for the beta decay from 1 + La to the 1578. 9-keV state suggests that the 
decay is allowed, and hence, that this state is 0 + , 1 + , or 2 + . No crossover transition 
from this level to the ground state is observed in the gamma-ray spectrum; the upper 
limit on the intensity of the crossover gamma ray is 0. 2 percent of the intensity of the 
818. 5-keV gamma ray. Of course, if the level is 0 + , no crossover gamma ray is 
possible. Like 136 Ba, each of the nearby nuclei, 434 Xe, * 32 Xe, and 134 Ba, has an ex- 
cited state at 1. 9 times the energy of the first 2 + state (fig. 12) (refs. 14, 15, 17 to 19, 
and 21 to 23). In each of the neighboring nuclei, this level is identified as 2 + , so it seems 
reasonable to believe that the 1578. 9-keV level of 1 °Ba is also 2 + . However, argument 
from systematics is weakened by the following occurrences: the recent discovery (G. C. 
Morrison, private communication) of a «1550-keV level of °Ba, which reduces the 
striking similarity between the low-lying levels of °Ba and those of the neighboring nu- 

1 90 , 

clei in figure 12 and the report (ref. 24) that j^Cegg has a 0 excited state at 1. 9 times 
the energy of the 2 + first excited state. If the 1578. 9-keV level of * 3 ®Ba is assumed to be 
2 + , an upper limit on the ratio of the reduced transition probabilities for the two possible 
modes of deexcitation of this state can be estimated. Again, when internal conversion is 
neglected, this upper limit is 
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Figure 12. - Level schemes of neighboring even-even nuclei 1% Ba, 134 Ba, 
134 Xe, and 132 Xe. Drawings are made to the same energy scale. Data are 
from references 14, 15, 17 to 19, and 21 to 23 and the present study. 
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B(E2; 2 +> - 0 + ) < I max (1578 ' 9keV) /W 4 \ 5 = Q 00Q4 

B(E2; 2 + ' - 2 + ) J [ I ( 760 ‘ 4 keV > J l 1578 ’ V 

CONCLUDING REMARKS 

136 134 

An experimental study has been made of the beta decay of La and La to 

* 88 Ba and 134 Ba, respectively. New low-lying excited states of ^^^Ba have been located, 

134 

and earlier results on the low-lying states of Ba have been confirmed or clarified. 

The ratio of the intensities of transitions depopulating the second excited state of 
* 84 Ba has been measured unambiguously for the first time. No evidence has been found 
to indicate that either Ba or Ba possesses all three members of a possible 
"vibrational triplet" of states at about twice the energy of the first excited state. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, September 6, 1968, 

129-02-04-06-22. 


REFERENCES 

1. Cookson, J. A. ; and Darcey, W. : Collective Levels in the Even Isotopes of Cd 

and Te. Nucl. Phys. , vol. 62, 1965, pp. 326-336. 

2. Jha, S. : Decay of 3.5-Min -^I 133 . Phys. Rev., vol. 132, no. 6, Dec. 15, 1963, 

pp. 2639-2643. 

3. Way, Katherine, comp. : Nuclear Data Sheets. National Academy of Sciences, 

National Research Council. 

4. Girgis, R. K. ; and Van Lieshout, R. : The Level Scheme of ^ 88 Ba. Nucl. Phys. , 

vol. 12, 1959, pp. 204-217. 

5. Julian, Glenn M. ; and Jha, S. : Excited States of 484 Ba. Nucl. Phys. , vol. A100, 

1967, pp. 392-400. 

6. Cziffra, Peter; and Moravcsik, Michael J. : A Practical Guide to the Method of 

Least Squares. Rep. UCRL-8523, California Univ. Lawrence Radiation Lab. , 
June 5, 1959. 

7. Evans, Robley D. : The Atomic Nucleus. McGraw-Hill Book Co. , Inc. , 1955, 

pp. 672-693. 


21 


8. Graham, R. L. ; Ewan, G. T. ; and Geiger, J. S. : A One-Meter-Radius Iron-Free 

Double -Focusing tt /^2 Spectrometer for /3-ray Spectroscopy with a Precision of 
1:10 5 . Nucl. Instr. Methods, vol. 9, 1960, pp. 245-286. 

9. Barker, P. H. ; and Connor, R. D. : Use of Gamma Rays in Fe 56 as Calibration 

Standards. Bull. Am. Phys. Soc. , vol. 12, no. 5, 1967, p. 696. 

10. Moragues, J. A.; Reyes-Suter, P. ; and Suter, T. : Decay of 110 > 110m Ag to 

44 ^Cd. Nucl. Phys. , vol. A99, 1967, pp. 652-668. 

11. Wapstra, A. H. ; Nijgh, G. J. ; and Van Lieshout, R. : Nuclear Spectroscopy Tables. 

Interscience Publ. , 1959, p. 133. 

12. Perlman, M. L. ; and Wolfsberg, M. : Capture -Positron Ratios for Allowed and 

First- Forbidden Transitions. Rep. BNL 485, Brookhaven National Lab. , 

Jan. 1958. 

13. Rose, M. E.; and Jackson, J. L. : The Ratio of Lj to K Capture. Phys. Rev., 

vol. 76, no. 10, Nov. 15, 1949, p. 1540. 

14. Reising, R. ; and Pate, B. D. : The Decay of 12. 9 d Cs 136 . Nucl. Phys., vol. 65, 

1965, pp. 609-634. 

15. Ruddy, F. ; and Pate, B. D. : The Decay of 0. 3 sec Ba 136m . Nucl. Phys. , 

vol. 69, 1965, pp. 471-476. 

16. Gono, Yasuyuki; Ishihara, Masayasu; and Sakai, Mitsuo: Decay of La 134 . 

J. Phys. Soc. Japan, vol. 23, no. 2, Aug. 1967, pp. 145-146. 

17. Brown, R. A.; and Ewan, G. T. : Study of the Decay of Cs 134 with a High 

Resolution Ge(Li) y-Ray Spectrometer. Nucl. Phys., vol. 68, 1965, 
pp. 325-336. 

18. Raeside, D. E.; Reidy, J. J. ; and Wiedenbeck, M. L. : The Level Scheme of 

1 34 

10 G3a. Nucl. Phys. , vol. A98, 1967, pp. 54-64. 

19. Abdul-Malek, A. ; and Naumann, R. A. : Levels in Ba Populated by the Decay 

of 134 Cs. Nucl. Phys., vol. A106, 1968, pp. 225-232. 

20. Rose, M. E.: Internal Conversion Coefficients. Interscience Publ. , 1958. 

21. Johnson, Noah R. ; Eichler, E. ; O’Kelley, G. D. ; Chase, J. W. ; and Wasson, 

1 *34 

J. T. : Decay of I . Phys. Rev., vol. 122, no. 5, June 1, 1961, 
pp. 1546-1558. 

22. Hamilton, J. H. ; Boyd, H. W. ; and Johnson, Noah R. : Energy Levels in 132 Xe. 

Nucl. Phys. , vol. 72, 1965, pp. 625-640. 


22 



23. Winn, Willard G. ; and Clark, David D. : New 270-msec Isomer in Xenon. Bull. 

Am. Phys. Soc. , vol. 11, no. 5, July 1966, p. 775. 

24. Gromov, K. Ya. ; Danagulyan, A. S. ; and Nikityuk, L. N. ; Murav'eva, V. V. ; 

Sorokin, A. A. ; Shtal, M. Z. ; and Shpinel, V. S. : Decay of Neutron- 

138 

Deficient Neodymium Isotopes. A New Isotope Nd . Soviet Phys. - JETP, 
vol. 20, no. 5, May 1965, pp. 1104-1110. 


NASA-Langley, 1968 24 E-4366 


23 


National Aeronautics and Space Administration 
Washington, D. C. 20546 


POSTAGE AND FEES PAID 
NATIONAL AERONAUTICS AND 
SPACE ADMINISTRATION 


OFFICIAL BUSINESS 


FIRST CLASS MAIL 


0 i U OH 4 ) ■>. i 3 i 1 c > o o 3 1 H 0 C) 9 0 3 

\ 1 .* I- ) , > c » , . r A P Li 4 S L A i-'. ! i K ATvUY/ A ! W 1 - / 

,< ]. ■! T L C j i ) A I A Pi i < C c A ASir » ' i l ‘a r. X I L IJ 8 ^ 1 1 


( 1 1 


L I, 


s 


POSTMASTER: 


If Undeliverable (Section 158 
Postal Manual ) Do Not Return 


"The aeronautical and space activities of the United States shall be 
conducted so as to contribute ... to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof.” 

— National Aeronautics and Space Act of 1958 


NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 


TECHNICAL REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting contribution to existing 
knowledge. 

TECHNICAL NOTES: Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: 
Information receiving limited distribution 
because of preliminary data, security classifica- 
tion, or other reasons. 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 


TECHNICAL TRANSLATIONS: Information 
published in a foreign language considered 
to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information 
derived from or of value to NASA activities. 
Publications include conference proceedings, 
monographs, data compilations, handbooks, 
sourcebooks, and special bibliographies. 

TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other non-aerospace 
applications. Publications include Tech Briefs, 
Technology Utilization Reports and Notes, 
and Technology Surveys. 


Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. 20546 



